Introduction
Reactive oxygen species (ROS) are generated as a byproduct of cellular aerobic metabolism; production of ROS is amplified when cells are exposed to various stress conditions (Bae et al., 1997; Suzukawa et al., 2000) . In mitochondria, ROS are generated as a result of normal biochemical reactions using oxygen (Chance et al., 1979) . ROS includes superoxide, hydroxyl, and peroxyl radicals as well as hydrogen peroxide (H 2 O 2 ) and like molecules. High levels of ROS can be detrimental to cells. Mitochondria are considered as the most important cellular source of ROS and may be susceptible to oxidative damage. ROS can modify cellular protein, lipid, and DNA, which results in altered functions of the cell (Klaunig et al., 1998) . It has been reported that ROS, when present at high levels, may play a key role in the mechanisms of initiation and progression of disease such as carcinogenesis (Oberley and Buettner, 1979; Cerutti, 1985; Church et al., 1993; Zhong et al., 1996) , and disease associated with aging (Orr and Sohal, 1994) . However, when present at normal levels, ROS have important physiologic functions, for example, regulation of signal transduction pathways (Chen et al., 1995b; Monteiro and Stern, 1996) , mitosis (Murrell et al., 1990; Oberley et al., 1991) , cell differentiation (Allen and Balin, 1989) , and activation of gene transcription factors (Li et al., 1998a; Schreck et al., 1991) . Over the last three decades, a great deal of evidence has been gathered linking ROS to cancer via oxidative events.
Oxidative changes occur in cellular components when the balance shifts between the rate of production of ROS and the rate of removal by antioxidants and antioxidant enzymes. Antioxidant enzymes prevent or terminate the reactions of ROS, thereby preventing these processes. The primary antioxidant enzymes are the superoxide dismutases (SODs), catalase (CAT), and the glutathione peroxidases (GPx). SOD catalyses the dismutation of superoxide into H 2 O 2 and oxygen, while CAT and GPx remove H 2 O 2 . The two major SOD enzymes in eucaryotic cells are manganese superoxide dismutase (MnSOD) found in mitochondria and copper zinc superoxide dismutase (CuZnSOD) found primarily in the cytoplasm. There are reports that tumor cells have lower antioxidant enzyme activity than their normal cell counterparts (Oberley and Buettner, 1979; Oberley and Oberley, 1986) . One of the SOD enzymes commonly decreased or deleted in tumor cells is MnSOD. Restoring MnSOD activity has been shown in numerous studies to reverse the malignant phenotype of tumor cells. It has been reported that increasing the expression of MnSOD suppresses the malignant phenotype of human breast cancer cells, MCF-7 (Zhang et al., 1999) ; human glioma cells, U118-9 (Wang et al., 1997) ; human oral squamous carcinoma cells, SCC-25 (Liu et al., 1997) ; human pancreatic cancer cells, MIA PaCa-2 (Weydert et al., 2003) ; mouse fibrosarcoma, NIH/3T3 cells (Li et al., 1998b) ; and human melanoma cells, UACC-903 (Church et al., 1993) . Thus, in a large number of different cancer cell types, MnSOD overexpression inhibits cancer cell growth. Thus, it is essential to study whether androgen-independent prostate cancer is also responsive to MnSOD overexpression.
Human prostate cancer is the most commonly diagnosed malignancy among men and the second leading cause of cancer death in the US, most dying from metastatic disease (Foster et al., 1999) . The major difficulty is the lack of effective mechanism-based treatment for the disease. Tumor resistance to conventional therapies, such as chemotherapy or radiation, presents a major problem in cancer treatment today; one such example is prostate cancer at its later stage. Failure to eradicate advanced resistant tumors with conventional therapies has led to the investigation of novel therapeutic approaches like gene therapy. Gene therapy approaches are being considered that target the expression of genes that lead to the removal of ROS at important cellular sites. The use of MnSOD, which removes superoxide arising from various oxidative stresses, is one such possible therapy.
MnSOD is a crucial antioxidant enzyme protecting mitochondria against oxidative stress (Sun, 1990; Liochev and Fridovich, 1997) . The importance of MnSOD is evidenced by the multiplicity of reports indicating that MnSOD is a tumor suppressor gene in many cell types. In view of this evidence, we were interested in studying the role of MnSOD in the androgen-independent prostate cancer cell line (PC-3). Although it has been studied in other cell lines, the rationale for investigating the validity of the hypothesis that MnSOD could be a tumor suppressor gene in the PC-3 cell line is multifold. In contrast to the usual tumor suppressive effect of MnSOD, MnSOD overexpression has also been shown to increase the growth of one cancer cell line: cervical carcinoma cells (Palazzotti et al., 1999) . Therefore, the tumor suppressive effect could be cell type specific. The mechanism by which MnSOD affects cancer cells varies among cancer cell types and their antioxidant capacity. Also, prostate cancer cells are either androgen dependent or androgen independent. It is known than MnSOD slows the growth of DU145, an androgen-independent cell line (Li et al., 1998c) . Jung et al. (1997) have shown that different prostate cancers have varying levels of antioxidant enzymes and therefore could have different responses to treatment. Since, PC-3 cells are androgen independent, MnSOD may influence these cells differently. Androgen-independent prostate cancer cells are more resistant to many known cancer therapies than androgen-dependent tumors. Therefore, we wanted to determine whether or not MnSOD has a tumor suppressive effect in PC-3, an androgen-independent human prostate cell line.
This work demonstrates for the first time that MnSOD overexpression causes growth inhibition both in vivo and in vitro in PC-3 cells. Moreover, MnSODoverexpressing cells demonstrated: (1) G 1 cell cycle delay, (2) increased mitochondrial membrane potential, and (3) increased flux of H 2 O 2 . These results suggest new treatments strategies for androgen-independent prostate cancer.
Results

Stable transfection of MnSOD
Comparison of MnSOD levels in prostate cancer cells (PC-3) to nonmalignant prostate cells It is known that the antioxidant defense-related enzymes are generally modified in tumor cells, which might be related to their growth. In order to verify whether the level of MnSOD is different in PC-3 cells compared to nonmalignant immortalized human prostate epithelial cells (P69SV40T), MnSOD protein and activity were measured. Even though these nonmalignant cells are not completely normal due to their immortalization, P69SV40T cells were considered as a good representation of normal prostate epithelial cells. The characterization of P69SV40T cell line was carried out by Bae et al. (1994 Bae et al. ( , 1998 . The MnSOD protein was measured with Western blot and the protein band corresponding to the MnSOD in PC-3 Wt cells was B50% of that of nonmalignant immortalized human prostate cells (P69SV40T) (Figure 1a) . Similar results were found with MnSOD activity when comparing Wt cells with P69SV40T cells (Figure 1b ).
PC-3 clonal cell lines overexpressing MnSOD
Three stably transfected clonal cell lines along with a vector control were isolated in order to determine the effect of differences in levels of MnSOD on cell growth characteristics. MnSOD protein and activity in these transfectants were measured in cell lysates. As determined with Western blotting, there was an increase in MnSOD immunoreactive protein in the clones transfected with MnSOD cDNA (Figure 2a ). As expected, the MnSOD activities were also significantly increased and were sevenfold greater than the basal parental Wt cells (Po0.0001) (Figure 2b and c) . The increases in MnSOD activity of the three overexpressors Mn5, Mn32, and Mn98 were 7.4-, 8.3-, and 8.2-fold, respectively, and that of Neo was 0.7 of parental cells. Although the MnSOD activities were not very different from each other among the overexpressors, we wanted to examine how different clones with nearly equal levels of MnSOD behaved under the same circumstances. To determine the effect of increased MnSOD on the other antioxidant enzymes, CuZnSOD, CAT, and GPx activities were also measured (Table 1) . CuZnSOD activity was below the limit of detection in the overexpressing clones in the enzymatic assay, but from the activity gel the CuZnSOD activity can be determined and it was decreased to a similar small extent in the three overexpressing clones (data not shown) compared to Wt cells. However, one of the clones (Mn98) had less GPx and more CAT activity. Interestingly, the changes in both GPx and CAT were approximately a factor of three compared to the other two clones. The other two clones (Mn5, Mn32) had similar GPx and CAT activities. Therefore, two clones have almost the same levels of the measured antioxidant enzymes, while one clone has the same MnSOD level but different GPx and CAT levels.
In accordance with Western blot results for MnSOD overexpressors, there was also an increase in steady-state MnSOD mRNA levels. This was shown by Northern blot analysis for MnSOD mRNA (Figure 3a) . A new MnSOD band was found; between 1 and 4 kb in size, in the overexpressing clones demonstrating that the increased MnSOD protein came from the transfected plasmid. A corresponding band in the Wt and Neo cells was not seen. The plasmid also increased the MnSOD mRNA level corresponding to both the 1-and 4-kb bands. Both 1-and 4-kb species could be detected and both were elevated upon transfection with MnSOD in Figure 1 MnSOD protein and activity levels were decreased in PC-3 (Wt) cells compared to the nonmalignant immortalized prostate epithelial cells (P69SV40T). (a) Western blot analysis of protein: total protein from P69SV40T and PC-3 Wt cells were isolated, and 20-mg aliquots were loaded as described in the Materials and methods section. Immunoblotting was performed using an MnSOD polyclonal antibody (MnSOD, rabbit polyclonal IgG). Immunodetection was carried out using a goat anti-rabbit secondary antibody (1 : 10 000 dilution) and the enhanced chemiluminescence kit (ECL). The bands were visualized and quantified with a computerized digital imaging system using AlphaImager 2000 software (Alpha Innotech, San Leandro, CA, USA) and the densitometric numbers (n ¼ 3 measurements of one blot) 7s.e. are given under each band normalized to b-actin. (b) Activity gel for MnSOD activity: a total of 200 mg of protein from each tumor of different cell clones were separated on an 8% native polyacrylamide gel with a 5% stacking gel. After electrophoresis, the gel was stained for MnSOD activity as described in the Materials and methods section. The achromatic band corresponding to MnSOD activity appeared on a blue background Figure 2 Transfection of PC-3 cells with MnSOD cDNA increased MnSOD protein and activity. (a) Western blot analysis of protein lysates from PC-3 cell lines to evaluate the expression of MnSOD protein: equal amounts of protein (25 mg) extracted from parental (Wt), PC-3/Neo, and three PC-3/MnSOD overexpressing clones (Mn5, Mn32, and Mn98) were electrophoresed and then transferred onto a nitrocellulose membrane. The blot was probed with a rabbit antiserum against human kidney MnSOD and the gels were stained with Coomassie blue and found to be equally loaded with protein. Immunoreactive protein was visualized using a chemiluminescent detection system. (b) MnSOD activity as measured by a spectrophotometric assay: the activity was assessed following the decrease in the rate of reduction of NBT at 560 nm upon addition of cell lysate in the presence of xanthine and xanthine oxidase. MnSOD activity was distinguished from CuZnSOD activity by its resistance to 5 mM sodium cyanide. The results are expressed as units per mg of total cellular protein.
Values are means7s.e., n ¼ 3, for each cell clone. By one-way ANOVA, there is a significant difference in the mean values among the groups (Po0.05). *Po0.0001 versus Wt using Tukey's multiple comparison procedure. (c) MnSOD activity as determined by native gel electrophoresis: 100 mg of protein from each cell clone was separated on a 12% polyacrylamide gel. After electrophoresis, the gel was stained for MnSOD activity as described in the Materials and methods section Figure 3b . These results show that the transfected clones have increased levels of MnSOD gene expression.
Effect of MnSOD overexpression on the malignant phenotype
To unravel the role of MnSOD overexpression on the malignant phenotype of PC-3 cells, growth rate, cell doubling time (DT), anchorage-independent growth, and tumorigenicity in nude mice were determined.
Effect of MnSOD transfection on the growth of the PC-3 cell lines PC-3 clones that overexpressed MnSOD activity had a slower growth rate in vitro than the Wt cells, Figure 4a . MnSOD overexpression inhibited PC-3 cell growth in culture. Cells (3 Â 10 4 ) were seeded into 24-well plates. (a) Growth curve: the cell number in three to five flasks was determined at different time intervals. MnSOD-overexpressing clones had a slower growth rate than the parental cells (Wt). The slowest growth rate was observed in the Mn32 clone, which had the highest overexpression of MnSOD. On day 9, cell growth was decreased about 50% in the Mn32 cells when compared to parental cells. Statistical analysis by two-way ANOVA shows that there is a significant difference among groups and days (Po0.0001). Pairwise statistical comparison on day 9 were *Po0.0001; Mn5 versus Wt, Mn32 versus Wt, and **P ¼ 0.0002 for Mn98 versus Wt. The inset shows the cell DT: from the cell growth curve, DT was calculated and plotted as mean7s.e. The Mn32 cell clone had the slowest growth rate with a DT of 47 h. By Dunnett's multiple comparison, Wt is significantly different from Mn5, Mn32, and Mn98 (*Po0.0001). (b) Plating efficiency in soft agar. Experiments were performed as described in the Materials and methods section. The colony formation was quantitated by counting colonies containing >50 cells. The experiment was repeated eight times with cells from eight different cultures. Values are means7s.e. By one-way ANOVA, there is a significant difference in the mean values among the groups (Po0.05) and *P ¼ 0.028 for Mn32 versus Wt using Tukey's multiple comparison procedure. The inset depicts the correlation analysis of colony formation in soft agar versus MnSOD activity (r ¼ À0.89, P ¼ 0.003) MnSOD overexpression and cell survival S Venkataraman et al after plating, the Mn32 clone had an approximately 50% slower growth rate than the parental Wt cells. In summary, there was a significant inhibition in the growth in vitro of MnSOD-overexpressing cells compared to the parental Wt PC-3 cells (Po0.05). The DTs of MnSOD-transfected clones Mn5, Mn32, and Mn98 were 34, 47, and 44 h, respectively, which compared to 33 h for Wt cells (inset). The DT of Mn5 was unexpectedly lower than the other clones. To understand this apparent anomaly, the influence of other antioxidant enzymes was checked (Table 1) . However, correlation analysis of GPx or CAT or combinations to MnSOD activity in Mn5 cells did not explain the discrepancy in growth rate.
Effect of MnSOD overexpression on the growth of PC-3 cells in soft agar To further investigate the effect of MnSOD on PC-3 cell growth inhibition, anchorageindependent growth in soft agar was examined. Malignant cells in general have higher ability to form colonies in soft agar than nonmalignant cells. For this experiment, a single cell suspension was seeded in 0.5% agar and allowed to form colonies. The results are shown in Figure 4b . The MnSOD-overexpressing PC-3 cell line had significantly lower plating efficiencies in soft agar compared to that of parental Wt cells with Mn32 being statistically different (P ¼ 0.028). Regression analysis of plating efficiency with MnSOD activity showed an inverse linear correlation (r ¼ À0.89, P ¼ 0.003).
Effect of MnSOD overexpression on tumor growth in nude mice PC-3 cells (Wt, Neo, or MnSOD overexpressors) were injected subcutaneously into nude mice and tumor growth was followed. Palpable tumors were formed 12-14 days after the injection. All three MnSODoverexpressing cell lines formed tumors that grew much more slowly than the parental Wt and Neo cells, Figure 5a . Parental and Neo cell lines formed larger tumors than the MnSOD overexpressors. The growth of MnSOD overexpressors of PC-3 cell lines were reduced by 75% compared to the parental Wt cells. All three MnSOD-overexpressing clones had significantly decreased growth rates compared to the parental and Neo cells (n ¼ 8, Po0.05). The tumor incidence was found to be same for all cell lines (data not shown). There was also a significant difference among the groups (Wt, Neo, and three MnSOD overexpressors) in mean tumor volume (P ¼ 0.0023) by linear mixed model analysis.
The tumors were allowed to grow to a volume of about 1000 mm 3 (this was considered as the time of killing) at which time the mice was euthanized and the tumors were removed. The mice bearing tumors of Wt cells reached the time of killing on day 26 after the injection of tumor cells into mice. The tumor sizes in all mice were measured until they were euthanized. From the survival data as shown in Figure 5b , it is clear that MnSOD-overexpressing clones had longer survival than the parental and plasmid control cell lines. Thus, MnSOD overexpression decreased the growth of tumor xenografts in mice and at the same time increased the median survival of prostate cancer-bearing mice. The mice that were inoculated with Mn98 cells had shorter survival times than those inoculated with Mn32 cells, even though the MnSOD activity is the same in both. At a specified time, tumor volume was inversely proportional to MnSOD activity and the survival of mice was directly proportional to the MnSOD activity with significant correlation (Figure 5c ).
At 5-6 weeks after inoculation of the mice, tumors were surgically removed, weighed, and the tissue was homogenized. In one out of eight mice that were inoculated with the Mn32 clone, the tumor grew to a volume of 80 mm 3 before shrinking and then eventually disappearing. Interestingly, four out of seven tumors grown from Mn5 cells were covered with blood vessels, which was not seen in tumor tissues from other cell lines.
The MnSOD activity was measured in the tumors removed from the euthanized mice from all PC-3 cell lines using activity gels, Figure 5d . A high level of MnSOD activity was retained in the Mn5 and Mn32 clones in vivo, but the MnSOD activity was found to be somewhat reduced in the Mn98 clone. Still all three clones had higher MnSOD activity in vivo compared to Wt. The tumor incidence of all cell lines was the same in nude mice. Thus, in the PC-3 cell line, increased expression of MnSOD greatly suppressed tumor volume, but had no effect on tumor incidence. The effect of tumor suppression by the antioxidant enzyme MnSOD in vivo was found to be much greater than the growth inhibition in vitro. It is likely that factors like oxygen availability and other host factors could be the cause of the difference between in vivo and in vitro results. Also, no metastases were visible from the inoculation of any of the PC-3 cells into nude mice. These results clearly demonstrate that the mitochondrial antioxidant enzyme, MnSOD, is capable of partially suppressing the growth in vivo of malignant PC-3 cells. (Panus et al., 1993) . Thus, we were interested in measuring the level of H 2 O 2 in PC-3 cells. H 2 O 2 produced intracellularly can diffuse out of the cell (Antunes and Cadenas, 2000) and thus can be measured in the media. The higher the steady-state level of H 2 O 2 in the cell, the greater will be the accumulation of H 2 O 2 in the media. To determine whether PC-3 cells overexpressing MnSOD have higher levels of H 2 O 2 , we measured extracellular H 2 O 2 directly using an organic indicator (pHPA, para-hydroxy phenyl acetic acid) in the presence of horseradish peroxidase (HRP).
The ratio of changes in H 2 O 2 levels in all PC-3 cell lines compared to basal levels in Wt cells are given in Figure 6a . As seen clearly from Figure 6a , the MnSOD overexpressors Mn32 and Mn98 had increased levels of H 2 O 2 as detected directly in the media compared with the parental Wt cell line. There was a significant increase in the production of H 2 O 2 by Mn32 cells, 53% more than Wt cells (P ¼ 0.01). The increase in H 2 O 2 in Mn32 clone was B1.9-fold and in Mn98 was B1.5-fold compared to Wt cells. The clone Mn5 had almost the same level of H 2 O 2 as that of Wt cells. In addition, when compared to the empty vector, Neo, there was even a greater significant increase in H 2 O 2 levels in MnSOD overexpressors; Mn5 (B1.7-), Mn32 (B3.3-), and Mn98 (B2.6-) fold when compared to Neo.
Effect of MnSOD overexpression on the mitochondrial potential of PC-3 cells Mitochondrial membrane potential is the result of asymmetric distribution of charges between the inner and outer sides of the inner mitochondrial membrane. This gradient drives the synthesis of ATP. Thus, mitochondrial membrane potential could reveal mitochondrial functionality and the energy status of a cell. The main source of ROS in most cells is from the mitochondria. One parameter that is altered due to the production of ROS is mitochondrial transmembrane potential. Therefore, the effect of varying the levels of MnSOD on membrane potential was determined using the fluorescent dye Rhodamine 123 (Rh 123). Rh 123 is taken up preferentially by mitochondria. Changes in transmembrane potential are reflected by the change in the mitochondrial concentration of the dye. The greater the integrity/function of the membrane, the more dye that will be taken up and therefore a higher intensity of fluorescence will result. If the membrane is damaged and leaky, then the fluorescence intensity corresponding to Rh 123 dye uptake decreases. Thus, the amount of fluorescence from the dye Rh 123 correlates directly to mitochondrial membrane potential.
To check the consistency of the results, another fluorescent dye JC-1 (5,5 0 , 6,6 0 -tetrachloro-1,1 0 ,3,3 0 -tetraethylbenzimidazolcarbocyanine iodide) was used to measure the membrane potential. JC-1 is a cationic lipophillic dye and exhibits potential-dependent accumulation in mitochondria. When the membrane integrity increases, there will be a fluorescence emission shift from green (530 nm) to red (585 nm). In the presence of higher membrane potential, JC-1 forms Jaggregates, which increases fluorescence intensity at 585 nm (Reers et al., 1991) , and therefore the fluorescence intensity ratio of 585-530 nm increases. We compared the membrane potential of parental PC-3 Wt and Neo vector control cell lines to the MnSOD overexpressors.
The relative fluorescence intensity corresponding to the membrane potential of cells exposed to either Rh 123 or JC-1 is given in Figure 6b . The transfection of PC-3 cells with MnSOD showed an increase in the membrane potential using Rh 123. The fluorescent intensity of Rh 123 in MnSOD-overexpressing clones was higher than parental Wt and Neo cells. The cellular retention of the dye Rh 123 by the MnSOD clone (Mn32) was increased by 76% over that of Neo cells (Po0.05). The membrane potential of the other two clones Mn5 and Mn98 were also higher B1.5 times more than that of Neo cells using the dye Rh 123 (Po0.05). Also, the fluorescence intensity corresponding to the J-aggregate formation increased in Mn32 cells (B1.4-fold) compared to Wt and Neo cells. These observations imply that higher steady-state levels of superoxide in the mitochondria decrease the mitochondrial membrane potential, probably by disruption of the membrane.
Effect of MnSOD overexpression on the PC-3 cell cycle progression To determine whether growth inhibition in the MnSOD-overexpressing PC-3 cells is due to a cell cycle phase redistribution effect, flow cytometric analyses of bromodeoxyuridine (BrdUrd) pulse-labeled parental Wt, Neo, and the overexpressors (Mn5, Mn32, Mn98) were performed, Figure 7 . It is clear that there was a change in the distribution of cells in G 1 , S, and G 2 phases of the cell cycle as a result of MnSOD transfection; in the Mn32 clone, 64% of the MnSODtransfected cells were in G 1 phase, while only 48.5% of the parental Wt and 44% of the Neo cells were in G 1 (statistically different at Po0.05). The S phase distribution between the Neo and Mn32 clones was 39.9% versus 28.5% (P ¼ 0.002). There is also a statistically significant (Po0.05) decrease in G 2 þ M fraction in the Mn32 clone (7.5%) compared to Wt (B13%) and Neo cells (B16%). The changes in the other MnSODoverexpressing clones were significant; 51% in Mn5 and 52% in Mn98, clones were in G 1 phase and B13-14% in G 2 þ M phase, which is statistically different (Po0.05) compared to Neo cells. A considerable increase in G 1 fraction in Mn32 cells and a moderate increase in Mn5 and Mn32 cells suggest that the MnSOD-induced delay in cell growth could be associated with a slower progression from G 1 to S.
Discussion
First, to test the hypothesis that the antioxidant enzyme MnSOD is altered in tumor cells compared to their nonmalignant cell counterpart, MnSOD activity and protein were determined. MnSOD protein was lower (Btwofold; by densitometric analysis) in the parental PC-3 cells compared to the immortalized nonmalignant human prostate epithelial cells (P69SV40T) (Figure 1a) . Correspondingly, the MnSOD activity also was found decreased in parental Wt cells compared to P69SV40T cells (Figure 1b) . Therefore, under these growth conditions, there was a decrease in the level of MnSOD in androgen-independent PC-3 cells compared to its normal cell counterpart. However, since the cells were grown in different media and different oxygen concentrations, further work is necessary to confirm this observation. Using one-way ANOVA, there is overall significant difference among groups (Po0.05) and using Tukey's multiple comparisons, there was a significant difference between Mn32 versus Wt *P ¼ 0.01, Neo versus Mn32, and Neo versus Mn98, **Po0.05. (b) MnSOD increased mitochondrial membrane potential: aliquots of 5 Â 10 6 cells were incubated in PBS containing 25 mM Rh 123 for 30 min at room temperature or 1 mg/ml of JC-1 for 10 min at 371C in the dark. Samples were then pelleted, resuspended in PBS, and immediately analysed. For the simultaneous evaluation of cell viability, cells were stained with PI and analysed with flow cytometry. Solid bar (') shows the relative fluorescent intensity (RFI) using Rh 123 and the open bar (&) shows the ratio of RFI between 585 and 530 nm using JC-1. According to one-way ANOVA, there is a significant difference among the groups in the mean Rh 123 (Po0.0001). By Tukey's post hoc procedure, the following pair-wise comparison were significant; *Po0.05 for Neo versus Mn5, Mn32, Mn98, and **Po0.05 for Wt versus Mn32. Values are mean7s.e. of n ¼ 3
The antioxidant enzyme MnSOD is known as a tumor suppressor in many cancer cell types. To test whether or not MnSOD is indeed a tumor suppressor gene in androgen-independent prostate cancer cells, both in vitro and in vivo studies were carried out with PC-3 cells to measure any growth inhibitory effects of MnSOD on this cell line. We stably transfected PC-3 cells with MnSOD cDNA and isolated three MnSOD overexpressors (Mn5, Mn32, Mn98). Parental, plasmid-transfected control, and these three MnSOD-overexpressing clones were studied. The mRNA, protein, and activity of MnSOD were increased in all three overexpressing clones. MnSOD overexpression significantly reduced the growth rate and inhibited anchorage-independent growth of PC-3 tumor cells. Prolonged animal survival probably due to reduced tumorigenicity was found in mice inoculated with each of the overexpressors. These studies show that MnSOD inhibits the growth of androgen-independent prostate cancer cells in vitro and in vivo.
The growth inhibition of tumors by MnSOD overexpression in vivo was more pronounced than observed with the in vitro study. The two clones Mn32 and Mn98 had almost the same levels of MnSOD activity, as measured by inhibition assay, yet they had different growth rates. Changes in the levels of MnSOD can alter the levels of other antioxidant enzymes. Therefore, to narrow down the role of MnSOD, the influence of other antioxidant enzymes was also considered. Levels of CuZnSOD might affect the malignant phenotype. For example, CuZnSOD overexpression in U118-9 cell line was found to inhibit the growth of brain cancer cells (Zhang et al., 2002b) . In the present study, the CuZnSOD activity level decreased to a similar extent in all the MnSOD overexpressors compared to the parental Wt cells. However, the absolute value of the loss of activity is small compared to the gain in MnSOD activity. Thus, the influence of CuZnSOD on the growth rate could be considered minimal.
Comparing the levels of CuZnSOD between Wt and Neo, the CuZnSOD activity was increased significantly in Neo (Po0.05), compared to Wt cells. This increased level of CuZnSOD could be the reason for the increased DT in the in vitro studies. However, more importantly in the in vivo studies, both Wt and Neo showed similar behavior. The inhibition of growth of tumor cells overexpressing MnSOD in nude mice, which is a definitive study to test malignancy, clearly depicts MnSOD as a tumor suppressor gene.
Considering the other antioxidant enzymes, the Mn98 clone had three times more CAT but only one-third the activity of GPx compared with Mn32 clonal cells. This could be the reason for the different growth rate between the clones. The changes in antioxidant enzymes could be due to clonal selection or adaptation.
Several factors could alter the growth of tumor cells in vivo. Therefore, tumor tissue from the mice was examined. From external observations of the tumor tissue, it could be seen distinctly that four out of seven mice that had tumors from Mn5 clones were covered with blood vessels. Mice that received the Mn5 cells had more rapid growth of tumors and shorter survival times compared to the other two overexpressing clones. However, all three overexpressors had much slower growth rate than the Wt and Neo cell lines in vivo. The reasons for differences in vitro and in vivo studies could be because increased vascularization may have contributed to the faster tumor growth of Mn5 in vivo (Chin et al., 2003) .
If the MnSOD activity of the tumors that developed from cells overexpressing MnSOD were to change in vivo, then a change in the growth rate of the tumor might result. The MnSOD activity was retained in all tumor tissues except those from the Mn98 cells. The MnSOD activity of the tumor tissues taken from the nude mice that received Mn98 cells was decreased Distribution of cells in G 1 , S, and G 2 þ M phases were calculated using Cell Quest software. According to one-way ANOVA, there is a significant difference among the groups in the mean G 1 , S, and G 2 þ M phases (Po0.05) of the cell cycle. By Tukey's post hoc comparison, a significant difference in the mean of G 1 and G 2 þ M values was found to be *P ¼ 0.0011 and **P ¼ 0.0001, respectively, for Mn32 versus Wt. Values are mean7s.e. of three independent cultures MnSOD overexpression and cell survival S Venkataraman et al compared to its in vitro activity, but still its MnSOD activity was higher than that of the tumors from the parental Wt cells. It is not known when the activity could have gone down in vivo. However, we speculate that the MnSOD activity may have gone down towards the end of the in vivo experiment because the growth rate of the tumor remained slower until then. A noticeable increase in MnSOD mRNA expression was found in the Mn32 clone compared to the other two MnSOD-overexpressing clones. In vitro, the Mn32 clone had the slowest growth rate and reduced anchorageindependent growth compared to other two clones. The greatest reduction in tumor growth was seen in the Mn32 clone compared to tumors in mice bearing the Mn5 and Mn98 clones. This corresponds with the longer survival time of mice bearing Mn32 cells. Therefore, the higher the MnSOD level, the greater was the growth inhibitory rate in PC-3 cells. Interestingly, one of the seven mice that received Mn32 cells grew a tumor to a size of 4 mm Â 5 mm and then it receded slowly.
To understand the mechanism of action of MnSOD overexpression, several possibilities can be suggested. Oberley and co-workers have shown indirectly that H 2 O 2 levels increase in cell lines as a result of MnSOD overexpression (Li et al., 1998a; Zhang et al., 2002a) . In addition, Rodriguez et al. (2000) have indirectly, by CAT transfection, shown that the antiproliferative effect of MnSOD may be due to increased H 2 O 2 production as a result of MnSOD overexpression, which also enhances net ATP production and respiratory chain activities. Li et al. (2000) showed similar reversal of tumor growth inhibitory effects of MnSOD overexpression with GPx transfection. In the present study, we measured extracellular levels of H 2 O 2 directly; the overexpressing clone (Mn32) had increased levels of H 2 O 2 compared to that of Wt and Neo cells. The clone, Mn98 having the same level of MnSOD activity as that of the Mn32 clone, showed a lower level of H 2 O 2 compared to Mn32 clone. The possible reason for the decreased rate of release of H 2 O 2 could be that the clone Mn98 has Bthreefold increase in CAT compared to the other two MnSOD-overexpressing clones. The reason why the Mn5 has much lesser release of H 2 O 2 compared to the other two clones with almost same levels of MnSOD activity is not clear. However, if H 2 O 2 is one of the main player in the control of proliferation in cells overexpressing MnSOD, then these results could explain the differences in the growth rate among the three overexpressors having almost the same level of MnSOD activity. Therefore, the growth suppression could be due to inhibition of cell proliferation. Thus, one possibility for the inhibitory growth effect of overexpressing MnSOD in PC-3 cells could be due to increased H 2 O 2 production (Li et al., 2000) .
MnSOD can inhibit the growth rate of a cancer cell population by either altering the rate of cell proliferation or the rate of cell death. High levels of H 2 O 2 can cause cell death. Examining the mode of cell death with Annexin V, and flow cytometric analysis, MnSOD overexpression did not cause an increase in cancer cell killing by necrosis, apoptosis, or senescence (checked by b-gal assay) (data not shown). Also, gel electrophoresis analysis for DNA fragmentation excluded the possibility of apoptosis as a cause of the decreased growth rate of overexpressors (data not shown). So MnSOD does not appear to cause increased prostate cell killing and could be affecting the cells by inhibiting cell proliferation, consistent with MnSOD contributing to the overall redox environment of the cell (Schafer and Buettner, 2001) .
Several studies using human diploid fibroblasts showed that H 2 O 2 induced a G 1 growth arrest (Chen et al., 1995a; Chen et al., 1998; Chen et al., 2000) . Also, Barnouin et al. (2002) have shown multiphase cell cycle arrest in mouse fibroblasts induced by H 2 O 2 . Here, in our studies, the H 2 O 2 produced by Mn32 cells was B1.9-fold greater than the parental PC-3 cells. In the other two clones Mn5 and Mn98, the H 2 O 2 released was somewhat less than in Mn32 cells. Therefore, to determine if MnSOD slows the cell proliferation in PC-3 cells, cell cycle study was undertaken; the differences in the growth rate among similar MnSOD clones may partially be due to cell cycle delay or arrest. MnSOD overexpression increased the fraction of cells in the G 0 /G 1 phase and correspondingly decreased the fraction of cells in S and G 2 þ M phases compared to the Wt and Neo. The increase in G 0 /G 1 fraction as a result of MnSOD transfection in Mn32 cells (64 versus 48.5%) suggests that the growth inhibition by MnSOD overexpression could be due to the slower progression from G 1 to S. The progression of Neo, the vector control, was even faster, as more cells moved to the S phase. In the other two clones, Mn5 and Mn98, the G 1 to S progression was still slower than Wt and Neo cells but faster than Mn32 cells. Thus, the inhibition of growth appears to be reflected in a delayed G 1 transit.
The intracellular level of H 2 O 2 will alter the redox environment of the cell and thus influence progression through cell cycle, thereby changing the growth rate of MnSOD overexpressors differentially. A higher level of H 2 O 2 will bring about a more oxidized cellular environment, which would result in slower growth (Schafer and Buettner, 2001) . It is also known that H 2 O 2 when produced in low amounts can act as vasodilator, thereby activating the mitochondrial K ATP channels and results in the increase in its membrane potential (da Silva et al., 2003) . This could contribute to the antiproliferative action of H 2 O 2 . Indeed we found that Mn32 cells had increased mitochondrial membrane potential compared to vector control cells (Neo) using two different fluorescent dyes. This is consistent with MnSOD lowering the steady-state levels of O 2 À and thereby preventing oxidative membrane damage. Membranes with little or no oxidative damage should have higher membrane potential and a better function.
A general summary of the biochemical findings and the biological properties of the three MnSOD-overexpressing clones are presented in Table 2 . It can be seen clearly that the levels of MnSOD and H 2 O 2 correlate well with the parameters of cell growth and proliferation. Reduction in tumorigenicity in vivo and the partial reversal of the malignant phenotype in vitro is consistent with MnSOD being a tumor suppressor gene in these androgen-independent prostate cancer cells. Our findings with these cells are consistent with many reports of decreased MnSOD expression in human cancers. Our results also indicate that MnSOD not only regulates cell survival but also affects cell proliferation by retarding the G 1 À>S transition. Taken together, these data identify MnSOD as a tumor suppressor gene in prostate cancer and suggest it as a potential target for cancer therapy.
Materials and methods
Cell culture
The human prostate carcinoma cell line, PC-3, was purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA). The PC-3 cells were cultured in modified Ham's F12 medium with 2 mM L-glutamine, 1.5 g/l sodium bicarbonate, 10% fetal bovine serum (FBS) (Hyclone), and 1% penicillin/streptomycin. The medium was changed every 4-5 days, and cells were routinely grown in 75-cm 2 vented tissue culture flasks at 371C in a humidified atmosphere of 5% CO 2 . Antibiotics were removed one passage before conducting experiments. For all experiments, cells were harvested when they were 70-80% confluent. The immortalized nonmalignant human prostate epithelial cell line, P69SV40T, was received from Dr Terry D Oberley's lab. These cells were grown in RPMI-1640 media, containing 5% FBS, at 4% O 2 , 371C and 95% humidity.
DNA transfection
PC-3 cells were stably transfected with the pcDNA3 plasmids, containing either a sense human MnSOD cDNA or containing no MnSOD insert. The transfection was performed with the indicated plasmid and the reagent LipofectAMINE (Life Technologies, Inc., Gaithersburg, MD, USA) according to the manufacturer's instructions. The clones were selected with 700 mg/ml of G418 (Geneticin; Life Technologies, Inc.) and isolated by cloning rings for further selection. The selected clones were grown in antibiotic-containing medium and screened by Western blotting for the level of MnSOD expression. Another cell line PC-3/Neo was established to serve as a vector control.
Protein analysis
The sample preparation for protein analysis was carried out on ice. Cells were washed three times with cold phosphatebuffered saline (PBS) and harvested by scraping followed by centrifugation at 200 g for 5 min at 41C. The cell pellet was resuspended in potassium phosphate buffer (pH 7.8, 50 mM) and sonicated with three bursts of 20 s each using a Vibra Cell sonicator with a cup horn at full power (Sonics and Materials Inc., Danbury, CT, USA). The concentration of the protein was determined by the Bradford assay using bovine g-globulin as a standard. Samples were then analysed for enzymatic activity.
Western blot analysis
Cells were washed thrice with PBS and harvested by scraping. The cell pellets were resuspended in 50 mM potassium phosphate buffer (pH 7.8) and sonicated. Protein levels were measured as described above. The samples were denatured with SDS loading buffer at 951C for 5 min and then separated on a 12.5% SDS-PAGE. The protein was transferred to a nitrocellulose membrane (Schleicher and Schuell, Keene, NH, USA) and the gels were stained with Coomassie blue to check the protein loading. After blocking with 5% nonfat milk at room temperature for 2 h, the blot was incubated at 41C overnight with rabbit antiserum against human kidney MnSOD made in our laboratory (30) . Following this, the sample was incubated with an anti-rabbit IgG-horseradish peroxidase conjugate at room temperature for 1 h. The blots were developed using a chemiluminescence ECL Kit (Amersham, Arlington Heights, IL, USA).
Northern blot analysis
Total RNA was extracted using the RNAzol reagent according to the instructions from the manufacturer (Tel-test, Inc., Friendswood, TX, USA). The amount of RNA sample was quantified by spectrophotometry. RNA (30 mg) was loaded onto a 1.5% formaldehyde agarose gel and subjected to electrophoresis followed by transfer to a nylon membrane (Boehringer Mannheim, Indianapolis, IN, USA). The membrane was UV-crosslinked. Equal loading of the samples was verified by checking the 18S and 28S bands. A digoxigenindUTP labeled MnSOD cDNA probe was used to hybridize to the membrane under standard conditions. The blots were exposed to Kodak XAR film at room temperature.
Native gel assay
MnSOD activity was visualized by native PAGE according to the method described previously (Beauchamp and Fridovich, 1971) . Cells were harvested and sonicated and the protein was quantified by the same method as described under Western blotting. Equal amounts of protein from different samples (usually 100 mg of cellular protein) were loaded onto a 12% polyacrylamide gel with a 5% stacking gel. Electrophoresis was performed in nondenaturing running buffer pH 8.3. After electrophoresis, staining of the gel was carried out by incubating in 2.43 mM NBT and 28 mM riboflavin/28 mM TEMED for 30 min in the dark. The gel was rinsed with distilled water and then illuminated under bright fluorescent light. The addition of 0.75 mM cyanide to the staining solution allowed for the detection of only the MnSOD activity by inactivating CuZnSOD. Achromatic bands corresponding to MnSOD appeared against a blue background. 
Antioxidant enzyme activity (spectrophotometric) assays
The SOD activity was measured by the modified NBT method as described previously (Oberley and Spitz, 1985) . Briefly, SOD activity was determined spectrophotometrically at 560 nm by measuring the reduction of NBT. The superoxide generated from the xanthine and xanthine oxidase system reduces NBT. However, in the presence of SOD, which converts superoxide to H 2 O 2 , the reduction of NBT is competitively inhibited. The amount of protein that inhibits NBT reduction to 50% of maximum is defined as one unit of SOD activity. MnSOD activity was determined in the presence of 5 mM sodium cyanide. CuZnSOD activity was calculated by subtracting MnSOD activity from total SOD activity. CAT activity in solution was measured by directly monitoring the decomposition of H 2 O 2 as described previously (Beers and Sizer, 1952) . GPx activity was measured by an indirect assay that monitors the disappearance of NADPH (Lawrence and Burk, 1976) .
Animal experiments
Athymic nude/nude mice (4-5 weeks old; Harlan Sprague Dawley Co., Madison, WI, USA) were used to study the tumorigenicity in mice. The nude mice protocol was reviewed and approved by the Animal Care and Use Facility at The University of Iowa. One million cells of each clone in 100 ml of PBS were injected into the flank region of each nude mouse. Control mice received 100 ml of PBS alone. Eight nude mice per group were used for each set of clones. Tumor size was measured with a vernier caliper twice every week and the tumor volume was calculated by the formula:
where L is the longest dimension of the tumor in mm and W is the shortest dimension of the tumor in mm (Zhong et al., 1996; Lam et al., 2000) . When the tumors reached a predetermined volume of 1000 mm 3 , animals were euthanized by CO 2 asphyxiation and this was considered the time of killing. Growth of the MnSOD-overexpressing cell lines in the athymic nude mice was evaluated up to 180 days after the injection of tumor cells.
Soft agar assay for colony formation
The effect of MnSOD transfection on the ability of PC-3 cells to form colonies in soft agar was examined to study the anchorage-independent growth of the malignant cells. Soft agar plates were prepared using a 60-mm 2 tissue culture dishes. Cells (300 or 2000) per dish were mixed in a 50 ml sterile tubes with equal volumes of 2 Â Ham's F12 media containing 20% FBS and 1% agar (0.5% final). Immediately, the mixture was aliquoted in triplicate and the agar was allowed to set. The plates were incubated in a humidified chamber at 371C for 14 days. Individual colonies of >50 cells were counted using an inverted microscope.
Cell growth
The effect of overexpression of MnSOD on cell growth was monitored by determining the number of cells as a function of time. Cells (3 Â 10 4 ) were seeded onto 24-well plates in triplicate. Cells were counted every 24 h using a hemocytometer. DT was calculated from growth curve data as follows:
, N 0 ¼ cell number at time t 0 , and N 1 ¼ cell number at time t 1 (Lam et al., 1997) .
Cell cycle: BrdUrd labeling and flow cytometric assay Cells were grown in 100 mm tissue culture dishes until they were 70% confluent. Cells were then pulse-labeled with 10 mM BrdUrd for 30 min at 371C. The cells were harvested by trypsinization, washed with PBS, and fixed in 70% ethanol. Ethanol-fixed cells were stored at 41C. The flow cytometric analysis was carried out as described previously (Menon et al., 2003) . Briefly, the ethanol-fixed cells were washed with PBS and digested with pepsin (0.4 mg/ml in 2 M HCl) for 30 min at room temperature. After neutralization with 0.1 M-borate buffer, nuclei were separated by centrifugation at 200-400 g for 5 min at 41C. Isolated nuclei were incubated with mouse anti-BrdUrd antibody (1 : 20, Beckton Dickinson Immunocytometry Systems, San Jose, CA, USA) for 1 h at room temperature. This was followed by the incubation with fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse secondary antibody for an additional 1 h at room temperature. Nuclei were washed with PBS and treated with RNAase A (100 mg/ ml) for 30 min, and counterstained with propidium iodide (PI: 20 mg/ml). Flow cytometric analysis was carried out on a FACScan (Becton Dickinson, San Jose, CA, USA) and data from 20 000 nuclei were recorded in list mode. The FITC fluorescence was analysed with a 535 nm band-pass filter (FL-1 channel) and PI-fluorescence was detected using a 640 nm long-pass filter (FL-3 channel). Cell cycle profile was analysed using Cellquest software.
Determination of mitochondrial membrane potential
Mitochondrial membrane potential in PC-3 cell lines was measured using two different dyes; Rh 123 (Fu et al., 1998) and JC-1 (Cossarizza et al., 1993) . Rh 123 staining: Concentrated stock solutions of Rh 123 were prepared in 100% ethanol and stored at À201C. Working solutions (25 mM) were prepared by diluting the stock solutions in 100% ethanol and kept on ice in the dark to minimize degradation. It has been shown that uptake of Rh 123 into mitochondria depends on mitochondrial membrane potential (Palmeira et al., 1996) . PC-3 cell lines were incubated with 25 mM rhodamine for 30 min in F-12 medium. Cells were then washed three or four times with F-12 media without serum, trypsinized, washed and resuspended in F-12 media, and centrifuged. Cells (5 Â 10 5 ) were analysed with a FACScan (Becton Dickinson, San Jose, CA, USA) equipped with a single 488 nm argon laser. JC-1 staining: To the cells JC-1 was added at 1 mg/ml for 10 min at 371C. Fluorescence intensity was measured through channels FL1 at 530 nm (monomer) and FL2 at 585 nm (aggregates) using flow cytometry. The ratio between the fluorescence intensity at 585 nm (red) and another at 530 nm (green) depends on the membrane potential. At the end of the incubation period, cells were washed with PBS, trypsinized and resuspended in 500 mL PBS and analysed.
To allow elimination of the dead cells, PI (2 mg/ml) was added just before the FACS analysis.
Measurement of exogenous H 2 O 2
Measurement of H 2 O 2 release from PC-3 cell lines was performed as previously described (Panus et al., 1993) . This method takes advantage of the fact that H 2 O 2 reacts with HRP forming compound I, which in turn reacts with parahydroxyphenyl acetic acid (pHPA) forming a stable fluorescent dimer, [pHPA] 2 . Cell medium was removed and the cell monolayer was washed three times with HBSS buffer. The medium was then replaced with phenol red-free HBSS (1 ml) supplemented with glucose (6.5 mM), HEPES (1 mM), sodium bicarbonate (6 mM), pHPA (1.6 mM), and HRP (95 mg/ml). The H 2 O 2 was allowed to accumulate in the modified HBSS for 1 h. The released H 2 O 2 was followed spectrofluorometrically by measuring the dimer formed at excitation and emission wavelengths of 323 and 400 nm, respectively. The fluorescent intensity of each sample was corrected for changes in pH and compared to standard concentrations of H 2 O 2 determined by absorbance at 240 nm.
Statistical analysis
A single factor ANOVA, followed by a post hoc Tukey test, or Student's t-test was used to compare statistical differences between means. To estimate the statistical differences in growth curves, two-way ANOVA was used. To compare different groups over time for tumor volume, the linear mixed model analysis was used (Littell et al., 1996) , assuming an auto-regressive order 1 covariance structure. In the linear mixed model, the group was considered a fixed effect and the day was considered a continuous covariate. In vivo survival curves were estimated by the Kaplan-Meier method with the log-rank test in order to compare groups. The linear regression analyses were carried out using Microsoft Excel TM . All means were calculated from at least three experiments and error bars represent s.e.'s of the means. All activity gels and Western blots were repeated at least twice to check the reproducibility. All statistical analyses were carried out with SAS software (version 8.2) for Windows (SAS, 2001) . Statistical significance was set at the 0.05 level.
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